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Parental origin-specific DNA methylation regulates the monoallelic expression of the mammalian imprinted
genes. The methylation marks or imprints are established in the parental germline and maintained throughout
embryonic development. However, it is unclear how the methylation imprints are maintained through
extensive demethylation in cleavage-stage preimplantation embryos. Previous reports suggested that DNA
methyltransferase(s) other than Dnmt1 is involved in the maintenance of the imprints during cleavage. Here
we demonstrate, by using conditional knockout mice, that the other known DNA methyltransferases Dnmt3a
and Dnmt3b are dispensable for the maintenance of the methylation marks at most imprinted loci. We further
demonstrate that a lack of both maternal and zygotic Dnmt1 results in complete demethylation of all
imprinted loci examined in blastocysts. Consistent with these results we find that zygotic Dnmt1 is expressed
in the preimplantation embryo. Thus, contrary to the previous reports, Dnmtl alone is sufficient to maintain

the methylation marks of the imprinted genes.
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Genomic imprinting is an epigenetic gene-marking phe-
nomenon that causes parental origin-specific monoalle-
lic expression of a small subset of mammalian genes.
The epigenetic imprints are established in the parental
germline and then maintained throughout embryonic
development (Reik and Walter 2001). The imprinted
genes play important roles in diverse biological phenom-
ena such as embryonic development, placental forma-
tion, fetal and postnatal growth, and maternal behaviors
(Reik and Walter 2001). In humans, disruptions of im-
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printing cause malformation syndromes such as Angel-
man syndrome (AS) and Beckwith-Wiedemann syn-
drome (BWS) (Robertson 2005).

DNA methylation is a major epigenetic modification
involved in genomic imprinting. Many imprinted genes
possess differentially methylated regions (DMRs), which
are methylated differently between the parental alleles
(Edwards and Ferguson-Smith 2007). Furthermore, the
differential methylation marks or imprints at some of
the DMRs are derived from sperm and oocytes. Indeed, at
least some of these DMRs behave as imprint control re-
gions (Edwards and Ferguson-Smith 2007). The first evi-
dence that DNA methylation is essential for imprinting
comes from a gene knockout study performed by Li et al.
(1993). Mouse embryos lacking the maintenance DNA
methyltransferase Dnmtl showed genome-wide de-
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methylation and loss of monoallelic expression of the
imprinted genes. Furthermore, our previous studies dem-
onstrated that a de novo DNA methyltransferase
Dnmt3a is essential for the establishment of the differ-
ential methylation in both male and female germline
(Kaneda et al. 2004; Kato et al. 2007). These results in-
dicate that DNA methylation is a critical component of
genomic imprinting.

Although the role of Dnmt1 in the maintenance of the
methylation imprints in postimplantation embryos is
well established (Li et al. 1993), it is still unclear how the
imprints are maintained in cleavage-stage preimplanta-
tion embryos. After fertilization, extensive nuclear re-
programming including active and passive demethyl-
ation occurs (Reik et al. 2001). While the genome is glob-
ally demethylated during cleavage, the monoallelic
methylation marks of the imprinted genes escape de-
methylation and are faithfully maintained. The imprint
maintenance during preimplantation reprogramming is
also critical for the production of somatic clones by
nuclear transfer (Humpherys et al. 2002; Inoue et al.
2002; Tamada and Kikyo 2004). Moreover, it has been
shown that expression and methylation of imprinted
genes in preimplantation embryos are affected by the in
vitro culture conditions (Sasaki et al. 1995; Doherty et al.
2000; Khosla et al. 2001; Fernandez-Gonzalez et al. 2004,
Mann et al. 2004). Clinical studies also revealed an in-
creased frequency of imprinting disorders such as AS and
BWS in children conceived in vitro by assisted reproduc-
tive technology (Cox et al. 2002; DeBaun et al. 2003;
Gicquel et al. 2003; Maher et al. 2003; Orstavik et al.
2003).

Nakamura et al. (2006) reported that a maternal factor
PGC7/Stella protects DNA methylation at several im-
printed DMRs from reprogramming during preimplanta-
tion development. In addition to such a factor, however,
maintenance of DNA methylation through the S phase
requires a methyltransferase(s). An enzyme known to be
involved in the methylation imprint maintenance in pre-
implantation embryos is Dnmtlo, which is an oocyte-
specific isoform of Dnmtl. Dnmtlo accumulates at high
levels in the cytoplasm of oocytes and is present in the
cytoplasm of embryos throughout the preimplantation
stages (Carlson et al. 1992; Mertineit et al. 1998; Cardoso
and Leonhardt 1999; Howell et al. 2001; Ratnam et al.
2002). Interestingly, it has been reported that Dnmtlo is
trafficked to the nuclei only at the eight-cell stage (Carl-
son et al. 1992; Mertineit et al. 1998; Cardoso and Leon-
hardt 1999; Howell et al. 2001; Ratnam et al. 2002).
Moreover, offspring of females lacking Dnmtlo exhibits
an ~50% reduction in the number of normally methyl-
ated alleles of the imprinted genes (Howell et al. 2001).
These observations lead the authors to suggest that
Dnmtlo maintains the methylation imprints only dur-
ing one embryonic S phase at the eight-cell stage (Howell
et al. 2001). Because Dnmtlo is the only Dnmt1 isoform
that was detected in preimplantation embryos, it was
proposed that a DNA methyltransferase(s) other than
Dnmtl might play a role in the imprint maintenance
(Howell et al. 2001; Ratnam et al. 2002). Very recently,
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however, Kurihara et al. (2008) and Cirio et al. (2008)
reported that Dnmtls, a somatic isoform of Dnmtl, is
present at very low levels in the nucleus of oocytes and
preimplantation embryos.

To identify the DNA methyltransferases responsible
for imprint maintenance in cleavage-stage preimplanta-
tion embryos, we used conditional mouse mutants of
Dnmtl, Dnmt3a, and Dnmt3b. We demonstrate that
Dnmt3a and Dnmt3b are not required for the mainte-
nance of the imprints. Instead, our results demonstrate
that Dnmtl alone is sufficient to maintain the methyl-
ation imprints during cleavage.

Results

Expression of maternal Dnmt3a and zygotic Dnmt3b
in preimplantation embryos

To assess the possibility that Dnmt3a and/or Dnmt3b is
involved in the preimplantation maintenance of DNA
methylation imprints, we first examined the expression
and subcellular localization of these proteins in preim-
plantation embryos by immunostaining using monoclo-
nal antibodies. To determine whether Dnmt3a and
Dnmt3b were produced in the oocyte or were expressed
in the embryo, we used embryos derived from oocytes
lacking Dnmt3a and/or Dnmt3b. Such oocytes and em-
bryos were obtained from conditional knockout female
mice (Kaneda et al. 2004; Dodge et al. 2005) harboring a
zona-pellucida glycoprotein 3 (Zp3)-Cre transgene,
which is exclusively expressed in growing oocytes (de
Vries et al. 2000). The timing and efficiency of condi-
tional deletion of Dnmt3a and Dnmt3b by Zp3-Cre are
described elsewhere (M. Kaneda, R. Hirasawa, H. Chiba,
M. Okano, E. Li, and H. Sasaki, in prep.). The mutant
oocytes and embryos also served as negative controls for
immunostaining.

We found that Dnmt3a proteins are abundantly pre-
sent in the nucleus of wild-type fully grown (FG) oocytes
and diffusely present in the cytoplasm of metaphase II
(MII) oocytes (or unfertilized eggs) (Fig. 1A). After fertil-
ization, Dnmt3a relocalized to the pronuclei of one-cell
embryos and remained in the nucleus up to the eight-cell
stage. However, the Dnmt3a signal was significantly
weaker at the eight-cell stage and became almost unde-
tectable by the blastocyst stage (Fig. 1A). These results
suggested that the nuclear localized Dnmt3a proteins
present in preimplantation embryos are derived from the
oocyte and thus of maternal origin. Indeed, when em-
bryos obtained from [Dnmt3a?'°%/21°%, Zp3-Cre| females
crossed with wild-type males were examined, no
Dnmt3a signal was detectable (Fig. 1B), confirming the
maternal origin of this protein. The lack of the Dnmt3a
signal in these heterozygous embryos indicated that
there is little, if any, zygotic expression of this protein
during the preimplantation stages. In addition, these re-
sults clearly demonstrated the specificity of the anti-
body.

The expression pattern of Dnmt3b was significantly
different from that of Dnmt3a. Dnmt3b proteins were
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Figure 1. Expression and subcellular localization of Dnmt3a and Dnmt3b in mouse oocytes and preimplantation embryos. (A)
Immunostaining of wild-type FG oocytes, MII oocytes, and preimplantation embryos with an anti-Dnmt3a antibody. Dnmt3a signals
(green) were detectable in the nucleus of FG oocytes and embryos from the one-cell through to the eight-cell stage. Dnmt3a was
diffusely present in the cytoplasm of MII oocytes. Small intense signals represent the nuclei of pole bodies. (B) Absence of detectable
Dnmt3a in oocytes and preimplantation embryos from [Dnmt3a®'°/2'°%, Zp3-Cre] females. This confirms the maternal origin of the
protein detected in the wild-type embryos. (C) Immunostaining of wild-type oocytes and preimplantation embryos with an anti-
Dnmt3b antibody. Dnmt3b (green) was not detectable in oocytes, one-cell embryos, or two-cell embryos and became detectable in the
later stages. (D) Zygotic production of Dnmt3b in preimplantation embryos. Dnmt3b was detected in embryos obtained from
[Dnmt3b?'ox/21ox | 753-Cre| females crossed with wild-type males. (E) Absence of detectable Dnmt3b signals in embryos obtained from
[Dnmt3b?'ox/21x 753.Cre] females crossed with [Dnmt3b*'°¥/!1°% Tnap-Cre] males. The cell nucleus was counterstained with
propidium iodide (PI) (red).
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undetectable in wild-type FG oocytes, MII oocytes, and mental Fig. S2) and the signal became stronger at the
one-cell and early two-cell embryos (Fig. 1C). It was first subsequent stages (Fig. 1C), suggesting that Dnmt3b pro-
detected in the nucleus of late two-cell embryos (Supple- teins are not maternally expressed but only produced in
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the embryo. Consistent with this interpretation, Dnmt3b
was detected in embryos obtained from the uteri of
[Dnmt3b2'ox/21% " 753.Cre] females crossed with wild-
type males (Fig. 1D). This also suggested that the pater-
nally derived Dnmt3b allele is active and contributes to
the production of the protein. Furthermore, when the
tissue-nonspecific alkaline phosphatase (Tnap)-Cre gene
(Lomeli et al. 2000) was used to knock out the condi-
tional alleles in male germ cells, Dnmt3b was detected
in embryos obtained from wild-type females crossed with
[Dnmt3b>'°%/11°% Tngp-Cre] males (data not shown). These
results strongly suggested that Dnmt3b is produced from
both parental alleles of the wild-type embryo. Lastly,
Dnmt3b was undetectable in homozygous Dnmt3b-null
embryos obtained by crossing [Dnmt3b>'9%/21°% 7p3-Cre|
females with [Dnmt3b2'°*/1°x Tnap-Cre] males (Fig. 1E),
indicating that the anti-Dnmt3b antibody was highly
specific.

Neither Dnmt3a nor Dnmt3b are involved
in the maintenance of methylation imprints at two
paternally methylated DMRs

Having established the presence and nuclear localization
of both Dnmt3a and Dnmt3b in preimplantation em-
bryos, we asked whether either or both of the proteins
may be involved in the maintenance of methylation im-
prints. To this end, we produced Dnmt3a/Dnmt3b
double mutants lacking both maternally and zygotically
produced enzymes. Such mutants were obtained at the
expected frequency of 25% when [Dnmt3a?'o%/?!ox
Dnmt3b?'°x/21ox - 7n3.Cre| females were crossed with

Figure 2. DNA methylation status of the im-
printed DMRs in Dnmt3a/Dnmt3b double mutants.
(A) The mouse crossing scheme for the production of
embryos for bisulfite sequencing. Oocyte-specific con-
ditional double knockout females ([Dnmt3a2'o%/?'ox,
Dnmt3b>°/21°% | 713-Cre]) were crossed with double
heterozygous males ([Dnmt3a''°*/*, Dnmt3b1x/*]),
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[Dnmt3a™°**, Dnmt3b''°*/*] males (Fig. 2A). Since all
embryos from this cross, including those of the desired
genotype, lacked the maternal methylation imprints (see
Fig. 2C) due to the loss of Dnmt3a during oocyte growth
(Kaneda et al. 2004; M. Kaneda, R. Hirasawa, H. Chiba,
M. Okano, E. Li, and H. Sasaki, in prep.), the imprint
maintenance could not be studied at the maternally
methylated DMRs. (The morphology of embryos of all
genotypes is shown in Supplemental Fig. S3.) We there-
fore analyzed the methylation status of the paternally
methylated H19, DIk1/Gtl2, and Rasgrfl DMRs by bi-
sulfite sequencing at embryonic day 9.5 (E9.5). The pa-
rental origin of the DMR alleles was determined by
strain-specific single nucleotide polymorphisms (SNPs).

The allelic methylation imprints at the H19 and DIk1/
Gtl2 DMRs were clearly maintained in the absence of
either Dnmt3a or Dnmt3b (Fig. 2B). Furthermore, we ob-
served the maternal-specific monoallelic expression of
H19 (Supplemental Fig. S4). These results demonstrated
that neither Dnmt3a nor Dnmt3b are essential for the
imprint maintenance at these two DMRs. The only ex-
ception was the RasgrfI DMR, where a partial reduction
in methylation was observed at the paternal allele (Fig.
2B; Supplemental Fig. S5A). Further studies with em-
bryos of the other genotypes indicated that zygotic
Dnmt3b is required for the methylation maintenance at
Rasgrf1 (Supplemental Fig. S5B-D). Lastly, the mater-
nally methylated Peg3 DMR was found to be completely
unmethylated at both alleles in the mutants (Fig. 2C),
confirming that the conditional deletion occurred effi-
ciently and that the establishment of the maternal meth-
ylation imprints requires the activity of Dnmt3a during
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oogenesis. These results indicate that during cleavage
neither Dnmt3a nor Dnmt3b are required for the main-
tenance of the methylation imprints at least at H19 and
DIk1/GtI2.

Expression of Dnmt1 in oocytes and preimplantation
embryos

The only other functional DNA methyltransferase
known is Dnmt1, which is the well-known maintenance
methyltransferase. To reinvestigate the role of Dnmtl in
the methylation imprint maintenance in preimplanta-
tion embryos, we examined its expression and subcellu-
lar localization in oocytes and preimplantation embryos
using polyclonal antibodies. The antibodies were differ-
ent from those used in the previous reports and detected
both Dnmtlo and Dnmtls (the somatic isoform)
(ab5208-100 and the other from Takagi et al. 1995). To
ascertain the origin of the detected proteins, and to ob-
tain negative controls for immunostaining, we produced
Dnmtl1 conditional knockout mice (Jackson-Grusby et
al. 2001) harboring Zp3-Cre (de Vries et al. 2000). This
conditional knockout would disrupt both Dnmtlo and
Dnmtls isoforms. A genotype analysis of oocytes from
[Dnmt1219%/21ox - 753-Cre] females confirmed highly effi-
cient Cre-mediated deletion in growing oocytes by post-
natal day 10 (P10) (Supplemental Fig. S6A). Immunoblot-
ting studies further showed that Dnmtlo, the only iso-
form observed in wild-type oocytes, was undetectable in
the mutant oocytes (Supplemental Fig. S6B).

A FG oocyte MIl oocyte 1-cell 2-cell

m

FG oocyte MIl oocyte 1-cell 2-cell

Imprint maintenance during cleavage

We observed strong Dnmt1 signals in the cytoplasm of
wild-type oocytes and preimplantation embryos at all
stages (Fig. 3A) as reported previously (Mertineit et al.
1998; Cardoso and Leonhardt 1999; Howell et al. 2001;
Ratnam et al. 2002). In clear contrast with the previous
reports (Mertineit et al. 1998; Cardoso and Leonhardt
1999; Howell et al. 2001; Ratnam et al. 2002), however,
no clear nuclear signal was detected in eight-cell em-
bryos with the two antibodies that we used (43 embryos
stained with ab5208-100 and 15 embryos stained with
the other antibody). When we examined the oocytes and
preimplantation embryos obtained from [Dnmt12!o%/2lo%,
Zp3-Cre] females crossed with wild-type males, no sig-
nal was detected either in the nucleus or in the cyto-
plasm (Fig. 3B), confirming the specificity of the antibod-
ies. This also suggested that the vast majority of the
Dnmtl proteins present in preimplantation embryos are
of maternal origin (but see later).

Recently, Kurihara et al. (2008) reported that another
anti-Dnmtl antibody (H-300) did not detect nuclear
translocation of Dnmtl at the eight-cell stage, consistent
with our observation. This raised the possibility that the
strong nuclear signal observed in the previous reports
could be due to the particular antibodies that the authors
used. In an effort to confirm this result, we immuno-
stained wild-type eight-cell embryos with one of these
antibodies, PATH52 (a kind gift from T.H. Bestor).
Again, we observed strong Dnmtl signals in the cyto-
plasm (data not shown), suggesting that the previously
observed nuclear signals may be due to the particular
experimental condition.

4-cell 8-cell Morula Blastocyst

4-cell 8-cell Morula Blastocyst

Figure 3. Expression and subcellular localization of Dnmt1 in oocytes and preimplantation embryos. (A) Immunostaining of wild-
type FG oocytes, MII oocytes, and preimplantation embryos with an anti-Dnmtl antibody recognizing both Dnmtlo and Dnmtls.
Dnmtl proteins (green) were mainly detected in the ooplasm and the cytoplasm of preimplantation embryos. Nuclear translocation
of the proteins at the eight-cell stage was not observed. (B) Absence of detectable Dnmt1 in oocytes and preimplantation embryos from
[Dnmt12o¥/2lox | 753.Cre] females. The cell nucleus was counterstained with PI (red).

GENES & DEVELOPMENT 1611



Hirasawa et al.

Both maternal and zygotic Dnmt1 proteins
are required for the maintenance of methylation
imprints in preimplantation embryos

To investigate directly whether Dnmtl is involved in
the maintenance of the methylation imprints in preim-
plantation embryos, we studied the methylation status
of the DMRs in Dnmtl mutant blastocysts at E3.5. We
first produced blastocysts lacking maternal Dnmtl, but
not zygotic Dnmtl, by crossing [Dnmt1?°¥/21°x  7p3.
Cre] females with wild-type males (Fig. 4A). Since
[Dnmt1?'o%/2lex " 753.Cre] females can establish the ma-
ternal methylation imprints, we examined both pater-
nally methylated DMRs and maternally methylated
DMRs (the Peg3 and Snrpn DMRs). The blastocysts
showed a partial reduction in methylation at the pater-
nal alleles of the H19 and Rasgrf1 DMRs and at the ma-
ternal alleles of the Peg3 and Snrpn DMRs (Fig. 4B,
middle). The observed methylation defects were very
similar to those described for the Dnmtlo mutants
(Howell et al. 2001) except for the one at the Snrpn DMR.
To obtain blastocysts lacking both maternal and zy-
gotic Dnmtl proteins, we crossed [Dnmt121°%/2lox 753.
Cre] females with Dnmt1¢* males. The Dnmt1° allele is
a null allele of Dnmt1 (Lei et al. 1996). Genomic DNA
was extracted from individual blastocysts and the geno-
type was determined by PCR using half of the DNA.
Seventy-four blastocysts lacked both maternal and zy-
gotic Dnmtl (Dnmt1''°%/¢) while 111 lacked maternal
Dnmtl alone (Dnmt1'°%/*) (Fig. 4A). Then, pooled geno-
mic DNA from these blastocysts was analyzed for meth-
ylation. The methylation imprints at the H19, Rasgrf1,
Peg3, and Snrpn DMRs were completely lost in the
Dnmt11°%/¢ blastocysts (Fig. 4B, bottom), indicating that
not only maternal Dnmtl but also zygotic Dnmtl are
required for the methylation imprint maintenance dur-
ing preimplantation development. Combined with the
results obtained with the Dnmt3a/Dnmt3b double mu-
tants, we conclude that Dnmtl alone maintains the
methylation imprints at most of the DMRs.

Detection of zygotic Dnmtls in preimplantation
embryos

The above results argue that, although we did not ob-
serve Dnmtl signals in the nucleus of preimplantation
embryos (Fig. 3A,B), there must be a small amount of
nuclear localized Dnmtl proteins that maintain the
methylation imprints. Very recently, Kurihara et al.
(2008) used an antibody against the Dnmtls-specfic N-
terminal region for immunostaining and detected this
isoform in MII oocytes and in the nucleus of embryos
throughout preimplantation development. Cirio et al.
(2008) also detected Dnmtls in oocytes and preimplan-
tation embryos by immunostaining and immunoblotting
using another Dnmtl1s-specific antibody. Both groups es-
timated that Dnmtls is ~2000-fold less abundant than
Dnmtlo in MII oocytes. We attempted to detect Dnmtls
in preimplantation embryos by immunoblotting using
our antibodies. Because the presence of the large amount
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Figure 4. Methylation status of the DMRs in blastocysts lack-
ing both maternal and zygotic Dnmtl. (A) A schematic repre-
sentation of the flow of the experiment. [Dnmt12'°%/2lox 753
Cre] females were crossed with Dnmt1* males, and then the
obtained E3.5 blastocysts were genotyped by PCR with primers
that specifically amplify the Dnmt1¢ allele. DNA from blasto-
cysts of the same genotype (74 blastocysts of Dnmt1'1°%/® and
111 blastocysts of Dnmt1'°*/*) was pooled and subjected to
bisulfite sequencing. (B) Methylation status of the H19, Rasgrf1,
Peg3, and Snrpn DMRs in wild-type (top) and mutant blasto-
cysts (middle and bottom). (Middle) Blastocysts lacking mater-
nal Dnmtl (Dnmt1'°%/*) showed a partial reduction in methyl-
ation at the normally methylated allele of all DMRs. (Bottom)
Blastocysts lacking both maternal and zygotic Dnmtl
(Dnmt11°%/°) showed near complete loss of methylation at the
normally methylated DMR alleles. (JF1) JF1l-derived allele;
(dom) domesticus-derived allele.

of Dnmtlo would hamper the detection of Dnmtls, we
used embryos lacking maternal Dnmtl. As a result,
while the band corresponding to Dnmtlo was com-
pletely absent, the band representing Dnmtls was
clearly detected in proteins extracted from pools of 250



eight-cell embryos and 250 blastocysts obtained from
[Dnmt121°%/21°x  713-Cre] females (Fig. 5). Since Dnmtl1s
signal was undetectable in [Dnmt12'°%/21°%, Zp3-Cre] FG
oocytes, it is apparent that most, if not all, of the pro-
teins detected are produced in the embryo.

Discussion

The major conclusion of this study is that, in contrast to
the previous suggestions, Dnmtl alone is sufficient to
maintain the methylation imprints in the preimplanta-
tion embryo at most of the DMRs. In particular, our data
indicate that, in addition to maternal Dnmtl, zygotically
expressed Dnmtl is functional in the preimplantation
embryo and maintains the parental imprints. It is note-
worthy that the maintenance of imprints is achieved by
Dnmtl also in embryonic stem cells, which are derived
from the inner cell mass of blastocysts (Okano et al.
1999). We further showed by immunoblotting that the
zygotic Dnmtl present in the preimplantation embryo
have the molecular size of Dnmtls. This is consistent
with the recent reports that Dnmtls is detectable by
Dnmtls-specific antibodies in the nucleus of preimplan-
tation embryos at most of the stages (Cirio et al. 2008;
Kurihara et al. 2008). Kurihara et al. (2008) further
showed that specific inactivation of Dnmtls in pre-
implantation embryos by RNAi-mediated knockdown or
antibody neutralization causes a partial reduction in
methylation at the H19 DMR. Because the amount of
Dnmtls per embryo increases during preimplantation
development (Fig. 5), we infer that most of the proteins
are translated in the embryo. Furthermore, because
Dnmtls transcripts are almost undetectable at the one-
cell stage but become detectable from the two-cell stage
(Ratnam et al. 2002), the RNA templates for this trans-
lation are also considered as zygotic origin.
Importantly, we did not observe previously reported
nuclear translocation of Dnmtlo at the eight-cell stage
using three different antibodies (including the one used
to detect the nuclear translocation). Kurihara et al. (2008)
recently reported that yet another antibody did not de-
tect the eight-cell nuclear localization. These results
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Figure 5. Detection of zygotic Dnmtls in preimplantation em-
bryos by immunoblotting. Zygotic Dnmtls was detected in eight-
cell embryos and blastocysts obtained from [Dnmt12o%/2lox,
Zp3-Cre| females. These embryos lacked maternal Dnmtl
(mostly Dnmtlo) and thus allowed the detection of small
amounts of zygotic Dnmtls. Proteins extracted from pools of
250 oocytes or embryos from [Dnmt1219%/21°% ' 7p3-Cre| females
and those extracted from pools of 10 wild-type oocytes or em-
bryos were loaded. Proteins extracted from a wild-type ovary
were loaded as a control.

Imprint maintenance during cleavage

make the maintenance role of Dnmtlo at the eight-cell
stage unlikely. Considering the available evidence, a
likely scenario is that maternal Dnmtl maintains the
methylation imprints during the first cell cycle and that
zygotically expressed Dnmtls maintains the imprints
from the two-cell stage onward. The maternal Dnmtl
that acts at the one-cell stage can be either Dnmtlo or
Dnmtls. Kurihara et al. (2008) reported the detection of
Dnmtls in the pronuclei while Cirio et al. (2008) de-
scribed the detection of Dnmtls only in the cytoplasm of
one-cell embryos. Therefore, further studies are needed
to answer the question of which Dnmtl isoform main-
tains the imprints at the first cell cycle.

The only DMR for which Dnmtl was not sufficient for
the methylation imprint maintenance was the RasgrfI
DMR. This DMR required zygotic Dnmt3b for the im-
print maintenance in either preimplantation embryos,
postimplantation embryos, or both (Fig. 2B; Supplemen-
tal Fig. S5). Our previous study showed that, unlike the
H19 and DIk1/Gtl2 DMRs, the Rasgrfl DMR requires
not only Dnmt3a but also Dnmt3b for the establishment
of the methylation imprint in male germ cells (Kato et al.
2007). It is noteworthy that this DMR is extraordinarily
rich in retrotransposon sequences and flanked by a direct
repeat necessary for the establishment and maintenance
of the methylation imprints (Yoon et al. 2002; Holmes et
al. 2006). Perhaps, these unusual structural features may
be the reason for the special requirement for the meth-
ylation maintenance.

In conclusion, our results indicate that the maternal
and zygotic Dnmt1 isoforms are necessary and sufficient
for the maintenance of the methylation imprints during
preimplantation development at all imprinted DMRs ex-
cept the Rasgrf1 DMR. At present, we do not know how
Dnmtl maintains the methylation imprints against the
active and passive genome-wide demethylation that oc-
curs in preimplantation embryos. We speculate that
some unknown mechanism may act and recruit Dnmtl
specifically to the DMRs. Understanding of the selective
maintenance of the methylation imprints during cleav-
age when the genome is globally demethylated should
provide a basis for improvements of reproductive engi-
neering, animal cloning, and regenerative medicine.

Materials and methods
Mice

Production of mice with the conditional alleles, referred to as
Dnmt1?°%, Dnmt3a?"°%, and Dnmt3b*'°%, was described previ-
ously (Supplemental Fig. S1; Jackson-Grusby et al. 2001; Kaneda
et al. 2004; Dodge et al. 2005). To disrupt the conditional alleles
in oocytes and male germ cells, mice with the Zp3-Cre gene (de
Vries et al. 2000) (Jackson Laboratory) and those with the Tnap-
Cre gene (Lomeli et al. 2000), respectively, were crossed with
mice with the conditional alleles. Mice possessing the Dnm¢1°¢
allele were described previously (Lei et al. 1996). All these mice
had a genetic background of Mus musculus domesticus.
Dnmt1%* mice and [Dnmt3a***, Dnmt3b''*/*] mice were
crossed with wild-type JF1 mice (of which genome is basically
from Mus musculus molossinus) several times to introduce JF1-
specific SNPs into the DMRs.
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Preparation of oocytes and embryos

Growing oocytes and FG oocytes were obtained from the ova-
ries of females at P3-20 and adult females, respectively, accord-
ing to the protocol described previously (Hiura et al. 2006). MII
oocytes and one-cell embryos were collected from the oviducts
and treated with hyaluronidase to remove the cumulus cells.
Two-cell, four-cell, eight-cell and morula stage embryos were
flushed from the oviducts with phosphate buffered saline (PBS).
Blastocysts were flushed from the uteri with PBS. Postimplan-
tation embryos were obtained at E9.5. All embryos were ob-
tained by natural mating.

Antibodies

Two rabbit polyclonal antibodies were used to detect Dnmtl:
One of them recognized two portions of Dnmtl (amino acids
121-141 and 304-317) (ab5208-100, lot no. 112043, Abcam)
while the other recognized the C-terminal region of the protein
(amino acids 1037-1386) (Takagi et al. 1995). These antibodies
detected both Dnmtls and Dnmtlo isoforms. In most of the
experiments, we used ab5208-100; the other antibody was used
for the confirmation of the results obtained with ab5208-100.
The anti-Dnmt3a monoclonal antibody (IMG-268, IMGENEX)
recognized the C-terminal region of Dnmt3a and detected all
known Dnmt3a isoforms. The anti-Dnmt3b monoclonal anti-
body (IMG-184, IMGENEX) recognized all known active iso-
forms of Dnmt3b. Alexa488-conjugated goat anti-rabbit IgG and
anti-mouse IgG antibodies (Invitrogen/Molecular Probe) were
used as the second antibody for immunostaining. A horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody
(Jackson Immuno Research) was used as the second antibody for
immunoblotting.

Immunostaining and microscopy

Embryos and oocytes were fixed and stained in microtiter plate
wells and moved from one solution to another with handmade
capillaries under a stereo microscope (Leica). The embryos and
oocytes were fixed for 30 min in 4% paraformaldehyde in PBS
on ice and washed with PBS. After incubation with a pretreat-
ment buffer (1% bovine serum albumin [BSA] and 2% Triton-
X100 in PBS) for 30 min, the embryos and oocytes were incu-
bated overnight with the anti-Dnmt3a or Dnmt3b antibody di-
luted to 1:1000, or for 2 h with either of the anti-Dnmtl
antibodies diluted to 1:2000, at 4°C. All dilutions were made
with antibody buffer (1% BSA and 0.1% Triton-X100 in PBS).
After extensive washes, the embryos and oocytes were incu-
bated for 30 min with an appropriate Alexa488-conjugated sec-
ond antibody diluted to 1:100 at room temperature. After treat-
ment with RNase A in PBS, DNA was counterstained with
propidium iodide. Stained embryos and oocytes were mounted
in Vectorshield mounting medium (Vector Laboratory) and ob-
served with an Olympus FV500 confocal laser scanning micro-
scope with a 40x objective lens.

Isolation of genomic DNA and genotyping

Pooled growing oocytes and FG oocytes were collected into 50
L of PBS, and then 50 pL of 2x lysis buffer (20 mM Tris-HCI at
pH 8.5, 0.2 M EDTA, 1% SDS) was added. After incubation for
1 h at 37°C, 1 pL of a Proteinase K solution (10 mg/mL) was
added and the lysate was incubated for 1 h at 50°C. After phe-
nol/chloroform extraction and ethanol precipitation, DNA was
resuspended in 10 pL of distilled water. For single blastocyst
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genotyping, each blastocyst was boiled in 10 pL of distilled wa-
ter for 5 min and the extract of 5 uL was used for genotyping.
The remaining half of the extracts from blastocysts of the same
genotype were combined and subjected to bisulfite sequencing.
Isolation of genomic DNA from whole E9.5 embryos was pre-
pared using a standard protocol. The sequences of the primers
used for genotyping are available upon request.

DNA methylation analysis by bisulfite sequencing

Bisulfite treatment of DNA was performed with the EZ DNA
Methylation Kit (Zymo Research) or BisulFAST (TOYOBO).
Briefly, genomic DNA was denatured in 0.3 M NaOH for 10 min
at 37°C, treated with 9 M sodium bisulfite for 1 h at 70°C,
collected by using a microcolumn and desulphonated with 0.3
M NaOH. After the desulphonation, DNA was eluted with 10—
20 pL of elution buffer. The DMRs of interest were amplified by
PCR and subjected to sequence analysis. The primer sequences
were described previously (Kato et al. 2007) except for those for
the Snrpn DMR (forward, 5'-AATTTGTGTGATGTTTGTAAT
TATTTGG-3'; reverse, 5'-AATAAACCCAAATCTAAAATAT
TTTAATC-3’; reverse nested, 5'-ATAAAATACACTTTCACT
ACTAAAATCC-3').

Immunoblotting

FG oocytes and preimplantation embryos were treated with
acidified Tyrode’s solution to remove the zona-pellucida. Oo-
cytes, embryos, and other tissue samples were collected in a
sample buffer (62.5 mM Tris-HCl at pH 6.8, 0.5x PBS, 2% SDS,
10% Glycerol, 5% 2-mercaptothanol), and then sonicated to
cleave genomic DNA. Proteins were denatured by heating at
95°C for 5 min, separated by electrophoresis on SDS-5% poly-
acrylamide gels, and transferred onto nitrocellulose membranes
(Amersham). Blots were blocked with 5% skimmed milk or
ECL Advance Blocking Reagent (Amersham), incubated with a
1:10,000 dilution of the anti-Dnmt]1 antibody ab5208-100. After
several washes, blots were incubated with a 1:10,000 dilution of
HRP-conjugated anti-rabbit IgG antibody, and detected by using
ECL Advance Western Blotting Detection Kit (Amersham) and
LAS1000 lumino-image analyzer (Fuji).

Isolation of RNA and allelic expression analysis

Total RNA was isolated from E9.5 embryos using ISOGEN
(Nippon Gene). cDNA was synthesized using SuperScript II re-
verse transcriptase (Invitrogen) and random primers. PCR was
carried out using the following primers specific for H19 tran-
scripts: forward, 5'-GACTCAAAGCACCCGTGAC-3’; reverse,
5"-TGATGGACCCAGGACCTCT-3'. The amplified products
were digested with BglI to detect the JF1-specific SNP.
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